It has been generally accepted that unfilled skutterudites process high lattice thermal conductivity (κ l ) that can be efficiently reduced upon filling. Here by using first principles Boltzmann-Peierls transport calculations, we find pure skutterudite of FeSb3 with no filler in fact has an intrinsic ultralow κ l smaller than that of CoSb3 by one order of magnitude. The value is even smaller than those of most of the fully filled skutterudites. This finding means that with FeSb3 as a reference, filling does not necessarily lower κ l . The ultralow κ l of FeSb3 is a consequence of much softened optical phonon branches associated with the weakly bonded Sb4 rings. They overlap more with heatcarrying acoustic phonons and significantly increase the phase space for three-phonon anharmonic scattering processes. This provides an alternative non-filling related mechanism for lowering the κ l of skutterudites.
Skutterudites are an important class of high performance thermoelectrics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] as the embodiment of the Slack's "electron-crystal phonon-glass" idea [21] . The existence of two isosahedron voids in their crystal structures allows for filling in a variety of cations (e.g., rare earth, alkali earth or alkali metals). This offers dual advantages for good thermoelectrics: first, according to the Zintl concept the additional electrons transferred from the electropositive fillers to the CoSb 3 framework make possible flexible control of n-type doping [4, 7, 8, 10, 11, 15-17, 22, 23] , and provides compensating change to the p-type doping with Co replaced by electron deficient Fe [1, 2, 5, 8, 14, 24] . Second, and more importantly, filling strongly lowers lattice thermal conductivity (κ l ) [1-4, 7, 8, 10, 11, 15, 17-19, 22] and optimizing the filling to lower κ l both in terms of filling fraction and by using suitable mixtures of filled cations plays a central role in the optimization of high performance skutterudite thermoelectrics [4] .
The physical mechanism responsible for the reduction of κ l in filled skutterudites remains elusive after two decades of intensive research. There are several debated aspects about the nature and role of the vibrations associated with the filled "rattling" atoms: (i) whether the motion of the rattling atoms is incoherent and noncorrelated [21, [25] [26] [27] or coherently couples with the host framework [28, 29] ; (ii) whether there exists anharmonic interaction between the localized rattling modes and the propagating phonons of the host framework [30] [31] [32] [33] [34] ; (iii) whether the reduction of κ l originates from the energy dissipation caused by the resonant scattering of the rattling atoms [2, 21, 25, 35] or the enhanced conventional anharmonic (Umklapp) scattering processes [29, 33, 34, 36] .
Despite controversy over the mechanism, there is consensus that the filling should reduce the κ l of skutterudites. In this Letter we report the finding via first principles transport calculations that the recently reported skutterudite FeSb 3 [37] [38] [39] [40] [41] [42] often presumed to be closely related to CoSb 3 in fact has an very low κ l without filling, even lower than those of most of the fully filled skutterudites (e.g., with Ba, La and Ce). This ultralow κ l in an unfilled skutterudite is a consequence of the much softened optical phonon branches that take the role of the rattling modes in the filled skutterudites. The emerged low-lying optical phonons overlap more with the heatcarrying acoustic phonons and increase three-phonon anharmonic scattering channels, thus significantly reducing phonon lifetimes and κ l . This finding demonstrates an unexpected mechanism for the reduction of κ l in skutterudites.
We perform first principles calculations of κ l for FeSb 3 and fully filled skutterudites of La/CeFe 4 Sb 12 by iteratively solving the linearized Boltzmann-Peierls transport equation of phonons with the SHENGBTE package [43] (see Supplementary methods for more details). The equilibrium crystal structures and interatomic force constants (IFCs) are obtained from DFT calculations with the plane-wave projector-augmented-wave method [44] , as implemented in the VASP code [45] . We employ the local density approximation (LDA) as exchangecorrelation functional. A ferromagnetic configuration for FeSb 3 is used, which is the lowest-energy magnetic configuration at the LDA level. Structural optimization is done with the kinetic energy cutoffs of 350 eV or more and the 8×8×8 k-point mesh, which ensures the residual forces smaller than 1x10 −4 eV/Å. The resulted equilibrium lattice constants are slightly smaller than the experimental data (by 2.03%, 1.78%, and 2.00% for FeSb 3 , LaFe 4 Sb 12 and CeFe 4 Sb 12 , respectively) as in Supplementary Table S1 . The agreements are reasonably good by consideration of the usual underestimation of lattice constants in the DFT-LDA calculations. The harmonic and third-order anharmonic IFCs are calculated by using the real-space supercell approach [43, 46] , in a 3×3×3 supercell with a 2×2×2 k-point mesh and a 2×2×2 supercell with a 3×3×3 k-point mesh, respectively. The phonon momenta q-mesh of 15×15×15 is used in solving the transport equation to ensure κ l converged at the 1×10 −6 W/mK level. Fig. 1 [34] and BaCo 3 Sb 12 [33] . The excellent agreement between theoretical results of CoSb 3 and available experimental data [12, 48] strongly indicate the validity of our calculations. Surprisingly, we find that FeSb 3 exhibits a quite low κ l of 1.14 W/mK at 300 K, about one order of magnitude lower than 11.6 W/mK of CoSb 3 . In the whole temperature range the κ l of FeSb 3 is apparently much lower than the values of the most filled skutterudites (by more than two-third). The only exception is YbFe 4 Sb 12 that owes the lowest theoretical κ l among reported filled skutterudites [34] . [12] . The inset shows crystal structures of unfilled and fully filled skutterudites.
We next elucidate the reason why FeSb 3 has such an ultralow κ l . The physical factors that may affect κ l (see Supplementary Eq. S1) include heat capacity C λ , phonon velocity υ λ and phonon lifetime τ λ of each phonon mode λ. Figs. 2a and 2b show the calculated room-temperature heat capacity and the averaged group velocity over the long-wavelength acoustic phonons contributing predominately to heat-carrying, respectively. The difference in the heat capacities of FeSb 3 and CoSb 3 is negligibly small (less than 0.7%) and their values are ∼7% lower than those of La/YbFe 4 Sb 12 . This is almost exactly as expected from the Dulong-Petit law, in accord with experiments (see Supplementary Fig. S1 ). The square of averaged phonon velocity for FeSb 3 is about 17% and 10% lower than that of CoSb 3 and LaFe 4 Sb 12 , respectively. This originates from the substantially reduced frequencies and velocities of the acoustic phonons in FeSb 3 (see below). However, the influences of these two factors are far from enough to explain the above large discrepancies in κ l . Therefore it must be the phonon lifetime that plays a central role in reducing κ l of FeSb 3 .
Heat capacity
Fe Sb 3 Co Sb The intrinsic phonon lifetimes of crystalline materials are primarily dominated by the three-phonon anharmonic scattering processes. Fig. 3 shows the calculated anharmonic scattering rates at 300 K. As seen, the scattering rates of FeSb 3 are nearly one order of magnitude larger than those of CoSb 3 in the low and intermediate frequency (ω) regions (below 5 THz). Clearly at most of ω the rates of FeSb 3 are much higher than those of LaFe 4 Sb 12 , though lower than those of YbFe 4 Sb 12 . Therefore the observed differences in the anharmonic scattering processes that limit phonon lifetimes indeed account for the discrepancies in κ l . Note that the anharmonic scattering rates of FeSb 3 are remarkably enhanced in a wide intermediate frequency range between ∼1 and 5 THz. The behavior is similar to those in La/YbFe 4 Sb 12 and other filled skutterudites [33, 34] . This affects contributions of phonon modes to κ l , as indicated by the cumulative plot of κ l (κ c l ) that represents the fraction of heat carried by the phonons with less frequencies than ω (inset of Fig. 3) . We further investigate the roles of harmonic and thirdorder anharmonic IFCs in enhancing three-phonon anharmonic scattering processes and reducing κ l in FeSb 3 . In particular we perform calculations of κ l by deliberately interchanging the harmonic/anharmonic IFCs between two different compounds, as shown in Fig. 2c. For FeSb 3 , when replacing the anharmonic IFCs by the ones from CoSb 3 and remaining the other quantities unchanged, we find that κ l increases by ∼30%, whereas κ l of CoSb 3 decreases by ∼30% when using the anharmonic IFCs from FeSb 3 . The anharmonic scattering rates are generally proportional to the square of the anharmonic IFCs (Eq. S3 and S4). The result means the anharmonic IFCs of FeSb 3 are larger than those of CoSb 3 , corresponding to the higher scattering rates in FeSb 3 , but far from enough to account for its one-order lower κ l . For the filled skutterudites of LaFe 4 Sb 12 and YbFe 4 Sb 12 , when using the anharmonic IFCs from FeSb 3 , the resulted κ l show ∼50% and ∼130% increases, respectively. This indicates the anharmonic IFCs of FeSb 3 are smaller, corresponding to the lower scattering rates, which conflicts with the smaller κ l of FeSb 3 than that of LaFe 4 Sb 12 . When we interchange the harmonic IFCs between FeSb 3 and CoSb 3 , we find κ l of FeSb 3 increases by about 8 times, and κ l of CoSb 3 decreases by almost the same amount. The changes accord well with the discrepancy of κ l between FeSb 3 and CoSb 3 . From these results, we can conclude that the main factor responsible for the enhanced anharmonic scattering in FeSb 3 is the harmonic IFCs, rather than the third-order anharmonic IFCs. The specific way of the harmonic IFCs affecting the anharmonic scattering processes is through phonon frequencies and eigenvectors (Eq. S3 and S4). The phonon eigenvectors contribute to the three-phonon scattering matrix elements. Usually for the same class of materials, the changes of eigenvectors with the varied harmonic IFCs are not as large as the changes of frequencies. It is thus reasonably to assume the scattering matrix elements do not change substantially here. The action of phonon frequencies on the anharmonic scattering is embodied by the three-phonon scattering phase space W ± (see Eq. S5), which depicts available three-phonon scattering channels among all modes. It consists of two components corresponding to absorption (W + , two phonons merging into one) and emission (W − , one splitting into two) processes, respectively. As show in Fig. 2d, (Fig. 4b) , the phonon spectrum of FeSb 3 (Fig. 4a) shows a clear softening for the lowest optical branch (down to below 2 THz). This optical branch is even lower in frequency than the La-derived rattling mode in LaFe 4 Sb 12 (Fig. 4c) , and is not far away from the extremely low frequency Yb-derived mode in YbFe 4 Sb 12 (cyan curve in Fig. 4c ). Actually it is not only the lowest optical branch, but several adjacent upper optical branches that become softened in FeSb 3 . This is unambiguously reflected by a sharp PHDOS peak appearing around 2 THz (Fig. 4e) . It is located in the region similar to that of the La-derived rattling modes in LaFe 4 Sb 12 (blue dash line in Fig. 4e) . The low-lying optical phonons overlaps more with the acoustic branches, appreciably increases the phase space W ± for three-phonon scattering processes (Fig. 2d) . This reduces significantly phonon lifetimes, which is the main root cause for the ultralow κ l of FeSb 3 . Fig. 4d shows the vibration pattern of the lowest optical phonon mode of FeSb 3 . It involves torsion of the Sb 4 ring, a typical quasi-molecular motif in skutterudites. The softening of this optical mode in FeSb 3 originates from the weaker Sb-Sb bonds of the Sb 4 ring, as demonstrated by the electron localization function contour plot in Fig. 5 . Clearly the electrons in the Sb 4 ring of FeSb 3 are much less localized than the case of CoSb 3 . This indicates the rather weaker Sb-Sb bonds in FeSb 3 , as expected from its electron deficient nature. This is consistent with the fact that the Young modulus of FeSb 3 is smaller than that of CoSb 3 [40, 41] . As the result, the phonon modes that are mainly dominated by Sb atoms (below 6 THz) show general softening in FeSb 3 (Fig. 4e) . The softening also occurs to the acoustic phonons, especially the transverse modes (Fig. 4b) , which leads to the moderately reduced averaged phonon velocity of FeSb 3 in Fig. 2b . In addition to the phonon softening, the weaker Sb-Sb bonds in FeSb 3 results in abnormal Grüneisen parameters (γ) of phonons (Fig. 4a) . For the low-lying optical branches and the transverse acoustic phonons, the values of γ are negative (in red) and quite large in magnitude. Such phonon modes with the large magnitude γ in principle facilitate high lattice anharmonicity [49] and thus low κ l . The negative sign of γ for the low-lying optical branches implies that they will be further softened under contraction. This is expected to cause the more overlapping with acoustic phonons, more enhanced W ± and thus even lower κ l at high pressures.
For the filled skutterudites, the electrons of filler transfer to the host framework following the Zintl behavior. These electrons primarily distribute on the Sb 4 ring, which considerably strengthens the Sb-Sb covalent bonds, as indicated in Fig. 5c for the LaFe 4 Sb 12 case. This is consistent with the band structure of skutterudites, which shows a light Sb derived band at the top of the valence bands [50] . This may also explain why filled Fe-based skutterudites are easier to form than FeSb 3 usually stabilized in films [37, 39, 40] . If one considers only the fact that the strengthened Sb-Sb bonds after La filling lift the Sb-derived optical branches in LaFe 4 Sb 12 , an increase of κ l is expected. In fact, the La filler derived rattling modes take the role to remarkably enhance W ± . As the result κ l of LaFe 4 Sb 12 is still much lower than that of CoSb 3 , and only about three times larger than that of FeSb 3 . For the case of YbFe 4 Sb 12 , the Yb derived even lower frequency and rather flat optical phonon branches increase W ± more significantly, resulting in the more reduced κ l [34] . To summarize, we report a discovery of ultralow lattice thermal conductivity (κ l ) of pure skutterudite FeSb 3 with no filler by using first principles Boltzmann-Peierls transport simulations. The calculated κ l is only 1.14 W/mK at room temperature, one order of magnitude lower than that of CoSb 3 . It is even lower than the values of the most fully filled skutterudites. This is in contrast to the generally accepted approach where filling is used for reduction of κ l in skutterudites. The origin of the ultralow κ l is attributed to the remarkably softened optical phonon branches associated with the weaker Sb-Sb bonds in FeSb 3 owing to its electron deficient nature. These low frequency optical phonons, having similar frequencies to those of the rattling modes in filled skutterudites, take the role of the rattling modes. They overlap more with the heat-carrying acoustic phonons and increase significantly the phase space of three-phonon anharmonic scattering processes. This leads to much reduced phonon lifetimes, and thus very low intrinsic κ l . By finding the intrinsic ultralow κ l of an unfilled skutterudite, our results offer new insight into the still debated mechanism responsible for the reduction of κ l upon filling in skutterudites. Finally we evaluate the maximum mean free path of phonons for bulk FeSb 3 and find the value smaller than 600 nm ( Supplementary Fig. S3 ), suggesting that the experimentally synthesized FeSb 3 films [40] can be directly applied to verify our theoretical prediction. The available experimental data for CoSb3 [6] and LaFe4Sb12 [7] are shown for comparison. The agreement between our calculation and the experiments is good. In addition to this comparison, the validity of our first principles calculations is also indicated by the comparison of κ l for CoSb3 between our theory and available experiments in Fig. 1 of the main text, as well as the following comparison of phonon spectrum for LaFe4Sb12 (Fig. S2) . The maximum l ph among all the modes, which corresponds to the onset point of the cumulative κ l becoming constant (equal to 1.0), is indicated. The purpose of this calculation is to provide a reference to future experimental measurements for how thick thin-film samples are required to take on the intrinsic κ l of bulk FeSb3 we calculated here. According to our result, the maximum l ph is less than 600 nm. The sample size above this value is needed to safely avoid surface and grain boundary scatterings. Therefore the experimentally synthesized FeSb3 films with the thicknesses of 1.0-1.5 µm [6] may be directly applied to measure the intrinsic κ l and verify our theoretical prediction. 
